Studies of heavy quarkonium production and polarization play an important role in the understanding of quantum chromodynamics. The CMS and CDF ϒ(nS) polarization analyses are the most comprehensive measurements of quarkonium polarization made so far. The three framedependent polarization parameters, λ ϑ , λ ϕ , and λ ϑ ϕ , plus the frame-invariant parameterλ are measured in different reference frames as a function of transverse momentum. The results of the two experiments are in good agreement. The polarization parameters are measured to be small in the reference frames under study, excluding large transverse or longitudinal polarizations, especially for the ϒ(3S) state, which is less affected by feed-down contributions with unknown polarization. These observations are in disagreement with the available theoretical expectations for high-energy hadron collisions.
Introduction
Studies of heavy quarkonium states are very important to probe quantum chromodynamics (QCD) and improve our understanding of it, given that the heavy quark masses allow nonperturbative calculations. J/ψ and ϒ cross sections can be described by nonrelativistic QCD calculations (NRQCD), dominated by color octet production [1] . NRQCD predicts a large transverse polarization, while the next-to-leading order (NLO) color singlet model (CSM) [2] indicates large longitudinal polarization. Therefore, the quarkonium polarization is a powerful observable to discriminate between the theoretical models [3] .
The polarization of the ϒ states can be measured through the study of the angular distribution of the leptons produced in the ϒ → µ + µ − decay channel. The most general observable distribution of a parity-conserving decay of vector particles can be written as
where λ = (λ ϑ , λ ϕ , λ ϑ ϕ ) represent the frame-dependent polarization parameters and ϑ and ϕ are the polar and azimuthal angles of the positive muon, µ + , with respect to the z-axis of the chosen reference frame [4] . There are three reference frames that are important in this context: the centerof-mass helicity (HX) frame, where the z-axis coincides with the direction of the ϒ momentum; the Collins-Soper (CS) frame [5] , where the z-axis is the direction of the relative velocity of the colliding beams in the ϒ rest frame; and the perpendicular helicity (PX) frame [6] , whose z-axis is orthogonal to the CS axis. It has been established by Refs. [4, 7, 8, 9] that it is important to consider the full angular distribution in various reference frames. Furthermore, it is beneficial to additionally examine frame invariant parameters to probe systematic effects and to get supplementary physical information.
The CMS and CDF experiments were the first to determine all three frame-dependent polarization parameters, λ ϑ , λ ϕ and λ ϑ ϕ , in various reference frames using the ϒ → µ + µ − decay channel. Moreover, the measurements were completed with the frame-invariant parameter,
, which provides a very useful intrinsic test of the reliability of the whole analysis chain [10, 11] .
CDF ϒ(nS) polarization analysis
CDF used a dimuon sample collected in pp collisions at the center of mass energy of √ s = 1.96 TeV, corresponding to a total integrated luminosity of 6.7 fb −1 , to analyze the polarization of the ϒ(1S), ϒ(2S) and ϒ(3S) mesons. Approximately 550 000 ϒ(1S), 150 000 ϒ(2S) and 76 000 ϒ(3S) candidates with a dimuon transverse momentum, p T < 40 GeV, and rapidity, |y| < 0.6, were contained in this sample. The analysis was performed separately in eight p T bins and two reference frames: the CS and the HX frame. Fig. 1 shows the results of the three frame-dependent polarization parameters, λ ϑ , λ ϕ and λ ϑ ϕ , for the ϒ(nS) states in the HX frame as a function of ϒ p T . The corresponding results for the frame-invariant parameter,λ , in the HX and CS frames, are displayed in Fig. 2 . The values of the different reference frames are in good agreement as required in the absence of unaccounted systematic uncertainties. The current CDF measurement agrees with the previous CDF measurement [12] where only the λ ϑ parameter in the HX frame was determined. More details regarding the CDF polarization analysis can be found in Ref. [11] .
CMS ϒ(nS) polarization analysis
CMS based its ϒ(nS) polarization analysis on a dimuon sample collected in pp collisions in 2011 at √ s = 7 TeV. The data corresponds to a total integrated luminosity of 4.9 fb −1 . Approximately 252 000 ϒ(1S), 94 000 ϒ(2S) and 58 000 ϒ(3S) candidates with a dimuon transverse momentum, 10 < p T < 50 GeV, and rapidity, |y| < 1.2, were analyzed in five transverse momentum bins and two rapidity ranges in the HX, PX and CS frame. Fig. 3 shows the results of the parameters λ ϑ , λ ϕ and λ ϑ ϕ for the ϒ(1S), ϒ(2S) and ϒ(3S) states in the HX frame for |y| < 0.6. Systematic uncertainties dominate the total error at low p T Both CMS and CDF determined the polarization of inclusively produced ϒs without making a distinction between ϒ mesons that are directly produced and those coming from higher χ b states. The feed-down contribution with unknown polarization is smallest in case of the ϒ(3S) state, thus making it the most interesting state. Since theoretical predictions calculate the polarization of directly produced ϒs, a comparison to theory is most reliable for the ϒ(3S) meson. Fig. 5 (right) shows a comparison of the experimental results to theoretical NLO-NRQCD [1] and NNLO*-CSM [2] calculations. The predictions are in disagreement with the experimental data.
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Discussion of mutual agreement between the CMS and CDF measurements

Summary
The polarizations of the ϒ(nS) mesons decaying to two muons have been determined as a function of the transverse momentum by the CMS and the CDF experiment in different reference frames, using both frame-dependent and frame-independent parameters. The results exclude large transverse or longitudinal ϒ(nS) polarizations and seem to be in disagreement with theoretical predictions.
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